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Spatially resolved cathodoluminescence CL spectra of GaN films grown on freestanding GaN
seeds via fluid transport by the ammonothermal method were correlated with the microstructure and
growth polarity. The spectral line shape of local CL was nearly position independent for a
4-m-thick N-polar film exhibiting featureless morphology. The spectra exclusively exhibited a
broad near-band-edge NBE free carrier recombination emission with Burstein-Moss shift.
Conversely, CL spectra at 100 K of a 5-m-thick Ga-polar film having 101¯1 and 101¯2 facets
with ridges originating from central pits exhibited a NBE peak at 3.444 eV and emission bands at
3.27, 2.92, and 2.22 eV, all of which showed rich intensity contrasts in the CL mapping images. The
NBE peak intensity was remarkably enhanced at crests of the ridges, where the density of threading
dislocations TDs having edge components was greatly reduced by the dislocation bending. The
results encourage one to grow low TD density GaN wafers by slicing thick crystals grown by the
ammonothermal method. © 2007 American Institute of Physics. DOI: 10.1063/1.2825471
Optoelectronic devices such as blue, green, and white
light-emitting diodes, laser diodes operated at 405 nm, and
high electron mobility transistors have been realized using
GaN and related Al,In,GaN alloys grown heteroepitaxially
on 0001 Al2O3 substrates. However, demands are thrown
for obtaining low threading dislocation TD density, large
area, and low-cost homoepitaxial substrates to realize high-
efficiency, highly reliable, and low-cost devices. To comply
with the requirements, the use of GaN wafers sliced from
bulk GaN ingots is an ultimate solution.
Several growth techniques using a Ga melt have been
investigated to grow bulk GaN crystals.1 However, since ni-
trogen has a very limited solubility in molten Ga, thin plate-
lets of GaN were exclusively obtained. In addition, a bulk
growth method must be expandable to an industrial mass-
production scale to compete with existing GaN substrates
prepared by halide vapor phase epitaxy HVPE on a pat-
terned 111A GaAs substrate2 or on a GaN/0001 Al2O3
template whose surface is modified with TiN.3
One of the promising techniques is an ammonothermal
AT method, which is a solvothermal growth method that
uses supercritical ammonia as a fluid medium and is consid-
ered to have excellent scalability similar to the case for 
quartz and ZnO hydrothermal4 ones. Growth of AT GaN
have been investigated by several groups.5 Hashimoto et
al.6–8 have reported on seeded growth of GaN on a freestand-
ing FS-GaN substrate prepared by HVPE Ref. 9 demon-
strating the single crystalline growth6 of large area7 3
4 cm2 and low TD density8 lower than 1106 cm−2 for
Ga-polar face GaN films. Also, over 5-mm-long,
5-mm-diameter hexagonal bulk GaN ingot has been grown
recently.10 Structual properties of AT GaN have been inves-
tigated by several groups. However, direct correlation be-
tween the microstructure and luminescence spectrum has not
been reported yet, although precise information obtainable
from those analyses such as exciton energies versus strain,
impurities, and carrier lifetime is needed to put AT GaN in
practical use as a homoepitaxial substrate.
In this letter, results of spatially resolved cathodolumi-
nescence CL measurements on Ga- and N-polar faces of
GaN crystals grown by AT method on a FS-GaN seed are
shown to correlate the local CL spectrum with the morpho-
logical feature, microstructure, and growth polarity. We dem-
onstrate the possibility to prepare low TD density GaN wa-
fers by slicing thick crystals grown toward the Ga-polar
direction by AT method, whose TD density is reduced by
dislocation bending.
The samples investigated were a 5-m-thick Ga-polar
and a 4-m-thick N-polar GaN films grown simultaneously
on the front and back sides of a 400-m-thick 0001 FS-
GaN seed, which was prepared by HVPE on a 0001 Al2O3
followed by laser lift-off.9 The TD density of the seed was
approximately 107–108 cm−2. The films were grown by AT
method using a high-pressure autoclave6–8 made of a Ni-
based superalloy. Metellic Ga nutrient was placed in the low-
temperature zone 520–530 °C and the seed crystal was
placed in the high-temperature zone 550–565 °C, because
GaN has retrograde solubility around 500 °C in supercritical
ammonia with basic NaNH2–NaI mineralizers.6 The pres-
sure was maintained at 150–200 MPa and the growth was
carried out for 72 h. Details of the growth will be found
elsewhere.6,7
The surface morphology was observed with scanning
electron microscopy SEM and atomic force microscopy.
The microstructure was characterized with transmission elec-
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tron microscopy TEM operated at 200 keV. TEM samples
were prepared for observation nearly along the 101¯0 axis
by mechanical polishing followed by Ar+ milling. For deter-
mination of polarity, convergent beam electron diffraction
was simultaneously observed using the TEM specimen.
Trace impurities were identified by secondary-ion mass spec-
trometry SIMS. Wide-area 200 m  photoluminescence
PL spectra were recorded at 293 K using the 325.0 nm line
of a cw He–Cd laser 38 W /cm2 as an excitor. Spatially
integrated or resolved CL was excited by a cw electron beam
with or without the beam scanning and dispersed by a grat-
ing monochromator f =20 cm equipped with SEM. The ac-
celeration voltage and probe current were 15 kV and 1 nA,
respecteively. Monochromatic CL intensity mapping images
were taken under a fixed wavelength with the beam scanning
at 100 K.
Plan-view and cross-sectional SEM images of the
5-m-thick Ga-polar 4-m-thick N-polar AT-GaN films
are shown in Figs. 1a and 1c Figs. 1b and 1d, respec-
tively. Under the particular growth conditions used in this
study, average film thickness was comparable with each
other. The Ga-polar surface was filled with grooves originat-
ing from linearly aligned inverted hexagonal pyramids hav-
ing preferentially 101¯1 and 101¯2 facets, which have a pit
at the center, whereas N-polar surface was nearly featureless.
However, the local root-mean-square roughness for the flat
region of the Ga-polar surface 0.6 nm was smaller than that
for the N-polar surface 2.1 nm. Suspicious source of the
grooves and their influence on the behavior of TDs and on
the CL spectra will be discussed later.
As shown in Figs. 1e and 1f, the N-polar film exclu-
sively exhibited a broad near-band-edge NBE band both at
100 and 293 K. Since the peak energy 3.440 eV was higher
by 30 meV than the A- and B-exciton peaks of strain-free
GaN 3.41 eV Ref. 11 and the full width at half maxi-
mum FWHM value 231 meV was so large at 293 K, the
emission is assigned as being due to the free carrier recom-
bination with pronounced Burstein-Moss BM shift.12 From
the FWHM value at 100 K being 200 meV, the residual
electron concentration is estimated to be approximately
1020 cm−3.13 Culprit impurities were inspected by SIMS
measurement to be Si and O. On the other hand, PL spectrum
at 293 K of the Ga-polar film resembled that of the HVPE
seed, though the broadening of the NBE peak was obvious
and a weak band at 3 eV was observed, as shown in Fig.
1f. Remarkable difference against the N-polar film was
found at 100 K, as shown in Fig. 1e. The wide-area CL
spectrum exhibited a predominant peak at 3.444 eV and a
higher energy shoulder around 3.57 eV, and bands at 3.27,
2.92, and 2.22 eV. They are labeled A, H, B, C, and D,
respectively. Among these, D peak is the well-known yellow
luminescence band, of which origin has been assigned to
gallium vacancies VGa and/or VGa–O complexes.14 The A
peak energy was lower by 30 meV than the free A-exciton11
energy EA at 100 K but it approached EA at 293 K being
3.407 eV. The residual electron concentration of the sample
is estimated from the FWHM value of A peak at 100 K being
94 meV to be of the order of 1019 cm−3,13 which is higher
than the Mott density.15 Therefore, A peak is assigned to a
free-to-bound transition at 100 K and a free-carrier recombi-
nation at 293 K. Note that the excitonic contribution cannot
be ruled out. The energy of H peak was approximately 3.58
and 3.51 eV at 100 and 293 K, respectively, and is assigned
to a free-carrier recombination with BM shift. Apparently,
the two NBE emissions A and H may not coexist in a homo-
geneous bulk film. Since the film had odd-shaped morphol-
ogy, the spectra in Figs. 1e and 1f are considered to be
convolutions of position-specific local spectra.
Spot-excitation CL spectra at 100 K, SEM image, and
monochromatic CL intensity mapping images for A–D peaks
of the Ga-polar film are summarized in Fig. 2. The local
spectra numbered 1–6 were taken at respective spots in Fig.
2b. As shown, local spectra varied spot to spot. The overall
CL intensity was weak at the spots 2, 3, and 6, as shown in
Figs. 2c–2f, in which white areas correspond to those
emitting bright lights. Considering our experimental configu-
ration, low light collection efficiency might be the cause for
FIG. 1. Color online a and c Plan-view and cross-sectional SEM
images of Ga-polar and b and d N-polar ammonothermal GaN films
grown on a 400-m-thick freestanding HVPE GaN seed wafer. e Wide-
area CL spectra at 100 K and f PL spectra at 293 K of the same GaN films.
For comparison, PL spectrum of the HVPE GaN seed is shown in f.
FIG. 2. a Wide-area and spot-excitation CL spectra at 100 K, b repre-
sentative local SEM image, and c–f corresponding monochromatic CL
intensity mapping images recorded for various photon energies at 100 K of
the 5-m-thick Ga-polar ammonothermal GaN film. The spectra numbered
1–6 in a were taken at the numbered spots in b–f. In c–f, white areas
correspond to those emitting bright lights.
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the spots 2 and 3. The reason for the low CL intensity of spot
6 is due to the presence of the central pit that corresponds to
the apex of a TD, which initiates the facet growth. At the
planar region 5, the blue luminescence band C band inten-
sity was strong and, therefore, the incorporation efficiency of
a specific impurity responsible for C band is higher for the
0001 face. The most susupicious impurity is Mg or C, both
of which were detected by SIMS measurement. The peak B
at 3.27 eV was found at spots 1–6. Although the peak energy
is close to that of the NBE emission of zinc blende GaN or
basal plane stacking fault SF in wurtzite GaN, noticeable
SF was not found, as shown in the cross-sectional TEM im-
ages in Figs. 3a and 3c. Therefore, the origin of B peak is
assigned to an impurity such as Mg. The most interesting
feature is that A peak intensity was remarkably enhanced at
the spots 1, 2, and 3, where edge TD density was reduced by
the dislocation bending owing to the facet growth,16 as
shown in Fig. 3c. The average TD density was approxi-
mately 109 cm−2 at the planar region and lower than
106 cm−2 at the crests of the ridges spot 1 for example.
Therefore, wide area low TD density region may be prepared
by this mechanism when thicker film is continuously grown.
Similar to the case for the FS-GaN substrate prepared by
HVPE,2 a flat GaN wafer can then be prepared by slicing and
polishing thick layers or boules.
In contrast to the Ga-polar film, lineshape of the local
CL spectra of N-polar film was nearly position independent,
as shown in Fig. 4a. The result may reflect the featureless
morphology of the film. However, the NBE peak exhibited a
noticeable intensity contrast in the CL mapping image, as
shown in Fig. 4c. Since the diameter of circular shaped
bright white in the figure areas ranged between smaller
than a few hundred nanometers and 1 m, they may corre-
spond to those between TDs. Indeed, the TD density esti-
mated from Figs. 3b and 3d is in the order of 109 cm−2
and the corresponding TD spacing is approximately 316 nm.
In summary, spot-excitation local CL spectra of Ga- and
N-polar ammonothermal GaN films were correlated with
submicrometer scale morphological features. The N-polar
film contained high density residual electrons due presum-
ably to the incorporation of O and Si, which gave rise to
pronounced BM shift in the free-carrier recombination emis-
sion band. On the other hand, the Ga-polar film exhibited
rich spectral and intensity variations originating from facet
growth. As a result of dislocation bending during the facet
growth, TD density was greatly reduced at the crests of
ridges. The results encourage one to grow low TD density
GaN substrates by growing thick layers and/or boules by
ammonothermal method and subsequent slicing.
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FIG. 3. Cross-sectional TEM images of a and c Ga-polar and b and
d N-polar ammonothermal GaN films. The g vectors are 0002 for a
and b, 1¯1¯20 for c, and 112¯0 for d.
FIG. 4. a Wide-area and spot-excitation CL spectra at 100 K, b repre-
sentative local SEM image, and c monochromatic CL intensity mapping
images recorded at 3.50 eV at 100 K of the 4-m-thick N-polar ammono-
thermal GaN film. The spectra numbered 1–4 in a were taken at the num-
bered spots in b. In c, white areas correspond to those emitting bright
lights.
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